Abstract. Parthenogenetic activation is an important factor in successful production of cloned mammals. Because it has been reported that aged oocytes are more sensitive to parthenogenetic activation than young oocytes, the present study examined the effects of oocyte aging on the in vitro and in vivo developmental potential of nuclear-transferred (NT) mouse oocytes receiving cumulus cells. The potentials of young NT oocytes (14 h after human chorionic gonadotrophin [hCG] injection) to develop into blastocysts was, however, significantly higher than that of aged oocytes (20 h after hCG injection; 16% vs 6%). When the nuclei of NT oocytes at the 2-cell stage were fused with enucleated fertilized 2-cell embryos, the potentials of the serial NT embryos to develop into blastocysts were no different for both young and aged oocytes (74% vs 74%). Live young, however, were obtained only after transfer of serial NT blastocysts developed from young NT oocytes (2%). In contrast to a report using embryonic nuclei as the nuclear donors, the results of the present study indicate that young oocytes are superior to aged oocytes as a source of recipient cytoplasm for mouse somatic cell cloning. Key words: Mouse, Nuclear transfer, Oocyte aging, Somatic cell (J. Reprod. Dev. 53: [785][786][787][788][789][790] 2007) eprogramming of donor cell nuclei and maintenance of ploidy of nuclear-transferred (NT) oocytes are important for successful cloning by nuclear transfer [1] . When blastomeres from preimplantation embryos are used as nucleus donors, both unfertilized oocytes at the second metaphase (MII) stage and activated oocytes can be used successfully as recipient oocytes in domestic animals [2] . Because the response of young oocytes to parthenogenetic activation is low [3, 4] , aged oocytes are often used as recipient oocytes for nuclear transfer of embryonic nuclei [5] . The potential of aged mouse [6] and rabbit [7] NT oocytes receiving embryonic nuclei to develop into blastocysts is higher than that of young NT oocytes; however, the developmental potential of aged bovine oocytes after parthenogenetic activation is low compared with that of young oocytes [8] . In contrast to embryonic nuclei, somatic cell nuclei can be reprogrammed in MII oocytes but not in activated oocytes [9] . It is thought that an unknown factor(s) present in MII oocytes is required for the reprogramming of somatic cell nuclei and that this factor(s) disappears in bovine oocytes 6 h after parthenogenetic activation [10] .
eprogramming of donor cell nuclei and maintenance of ploidy of nuclear-transferred (NT) oocytes are important for successful cloning by nuclear transfer [1] . When blastomeres from preimplantation embryos are used as nucleus donors, both unfertilized oocytes at the second metaphase (MII) stage and activated oocytes can be used successfully as recipient oocytes in domestic animals [2] . Because the response of young oocytes to parthenogenetic activation is low [3, 4] , aged oocytes are often used as recipient oocytes for nuclear transfer of embryonic nuclei [5] . The potential of aged mouse [6] and rabbit [7] NT oocytes receiving embryonic nuclei to develop into blastocysts is higher than that of young NT oocytes; however, the developmental potential of aged bovine oocytes after parthenogenetic activation is low compared with that of young oocytes [8] . In contrast to embryonic nuclei, somatic cell nuclei can be reprogrammed in MII oocytes but not in activated oocytes [9] . It is thought that an unknown factor(s) present in MII oocytes is required for the reprogramming of somatic cell nuclei and that this factor(s) disappears in bovine oocytes 6 h after parthenogenetic activation [10] .
In addition to chromatin reprogramming, NT oocytes must have a normal cytoskeletal structure. In contrast to domestic animals, mouse MII oocytes have cytoplasmic asters, which are important for the development of somatic cell NT oocytes and disappear soon after activation [11, 12] . Therefore, young oocytes at the MII stage have been used as the source of recipient cytoplasm for embryonic and somatic cell nucleus transfer in the mouse [13] . The effect of oocyte aging on the potential of somatic cell NT mouse oocytes, however, is unknown.
The present study examined the effect of oocyte aging on the in vitro and in vivo developmental potential of mouse oocytes receiving cumulus cells after single and serial nuclear transfer.
Materials and Methods
All experiments and protocols were performed in strict accordance with the Guiding Principles for t h e C a r e a n d U s e o f R e s e a r c h A n i m a l s promulgated by the Committee on Animal Research and Bioethics, College of Agriculture, Kinki University. Most regents were purchased from Sigma Chemical Co., St. Louis, MO, USA unless stated otherwise.
Nuclear transfer and parthenogenetic activation
In the first experiment, the effect of oocyte aging o n t h e i n v i t r o development of N T and parthenogenetically-activated oocytes was examined. Nuclear transfer was performed as described previously [14] . Metaphase oocytes at the second meiosis were collected from F1 females (C57BL × DBA) 14 h (young oocytes) and 20 h (aged oocytes) after human chorionic gonadotrophin (hCG; Sankyouzoki, Tokyo, Japan) injection and were enucleated for use as recipient cytoplasm. Cumulus cells were isolated from the ovulated oocytes of females 14 h after hCG injection. The cells were washed with M2 medium [15] after dispersion with hyaluronidase for use as donor cells. A single donor cell was fused with an enucleated oocyte using inactivated Sendai virus. Cloned embryos were incubated in KSOM [16] for 1 h. They were then cultured in Ca ++ -free KSOM containing 10 mM strontium with cytochalasin B for 5 h. Subsequently, they were cultured either for 1 day (2-cell stage) or 4 days (blastocyst stage) in KSOM. For parthenogenesis, young and aged oocytes were precultured for 4 h in KSOM, incubated with 10 mM strontium and cytochalasin B for 5 h, and then cultured in vitro for 4 days.
Serial nuclear transfer
In the second experiment, the effect of aged oocytes on the in vitro development of serial NT oocytes was examined. Serial nuclear transfer was performed at the 2-cell stage based on the results of a previous report [17] . Briefly, a second 2-cell embryo fertilized in vivo was used as the second recipient cytoplasm. After removing the nuclei from both blastomeres of the fertilized 2-cell embryos, a karyoplast from each of the NT 2-cell embryos was fused to produce 1-cell-like embryos. The reconstituted embryos were then cultured in vitro for 3 days to the blastocyst stage.
Blastocyst cell number and embryo transfer
The numbers of inner cell mass (ICM) and trophectoderm (TE) cells in blastocysts that developed after single or serial nuclear transfer and parthenogenetic activation were individually counted using double staining methods [18, 19] . Briefly, zona pellucida-free blastocysts were incubated in M2 medium containing 20% rabbit anti-mouse serum for 30 min and then in M2 medium containing 20% guinea pig serum, 10 µg/ ml propidium iodide, and 10 µg/ml Hoechst 33342 for 1 h. The treated embryos were then examined under a fluorescence microscope to count the number of ICM (stained light blue) and TE (stained pink) cells.
For the third experiment, to examine the effect of aged oocytes on the potential of serial NT oocytes to develop into young, morulae and blastocysts developed from serial nuclear transfer were t r a n s f e r r e d t o t h e o v i d u c t s o f d a y 0 . 5 pseudopregnant ICR strain albino mice. The pregnant females were killed on day 18.5 of pregnancy to examine viability of the NT embryos.
Statistical analysis
The embryo development data was analyzed using χ 2 analysis, and cell numbers were compared using Student's t-test. A P value of less than 0.05 was considered to be statistically significant.
Results
The overall success rate for enucleation was high (99%, 2705/2733) and was no different for the young and aged oocytes. The proportion of enucleated young oocytes that fused with cumulus cells (45%, 629/1406) was significantly greater than that of the aged oocytes (39%, 410/1049).
The first experiment demonstrated that the potential for young NT oocytes to develop to the 2-cell, morula, and blastocyst stages was significantly higher than for aged oocytes ( Table 1) . The p r o p o r t i o n o f y o u n g o o c y t e s t h a t w e r e parthenogenetically activated and developed to blastocysts was also significantly greater than the proportion of aged oocytes. Although the number of NT blastocysts that developed from aged oocytes was small, the numbers of total, ICM and TE cells of the blastocysts were significantly lower than those of NT blastocysts that developed from young oocytes. The total cell numbers of parthenogenetic blastocysts that developed from aged oocytes were also significantly lower than the total cell numbers of blastocysts that developed from young oocytes.
In the second experiment, the proportion of NT oocytes that cleaved was significantly lower in the aged group (Table 2 ). The proportions of serial NT o o c y t e s t h a t d e v e l o p e d i n t o m o r u l a e a n d blastocysts, however, were no different between the young and aged groups. Moreover, the rate of development of serial NT oocytes to blastocysts was higher than that of single NT oocytes ( Table 1 ). The total, ICM, and TE cell numbers of serial NT blastocysts that developed from young oocytes were not significantly different from those of blastocysts that developed from aged oocytes ( Table 2 ).
In the third experiment, the proportions of serial NT oocytes that developed to blastocysts were no different for the young and aged oocytes. There was no significant difference in the proportion of embryos implanted between the two groups ( Table   Table 1 3). Live young, however, were obtained only from young oocytes.
Discussion
The rate of successful production of cloned mice from both embryonic and somatic cells is low compared with that of domestic animals [20] . Parthenogenetic activation of NT oocytes is an important factor that affects the cloning success rate. Cloned mice have been produced after nuclear transfer of cumulus cells activated with ethanol, electric stimulation, strontium, and spermatozoa [21] and embryonic stem cells activated with electric stimulation and strontium [22] ; however, the success rates for production of cloned mice are low. Although it has been reported that aged (18-19 h after hCG injection) mouse oocytes receiving an embryonic stem cell or blastomere from a 2-cell embryo have a higher potential to develop into blastocysts [4, 6] than young (13-14 h after hCG injection) oocytes, it is unclear whether aging of oocytes has any beneficial effect on the potential of somatic cell NT mouse oocytes to develop in vitro or in vivo.
Otaegui et al. [23] reported that aged BCF1 m o u s e o o c y t e s a r e m o r e s e n s i t i v e t o parthenogenetic activation induced by strontium treatment than young oocytes. In the present s t u d y , h o w e v e r , t h e a c t i v a t i o n r a t e w a s significantly lower in aged oocytes than in young oocytes. Because the time interval from oocyte recovery to the start of activation was 4 h, the actual ages of the young and aged oocytes used for nuclear transfer at the time of parthenogenetic activation were 18 h and 24 h, respectively. The same time schedule was used for parthenogenetic activation. Tsunoda and Sugie [24] reported that the effect of aging of mouse oocytes on the activation rate is strain-dependent; the activation rate in young CDF1 oocytes is significantly lower than that in aged oocytes, but the activation rate of 14 h and 18 h BCF1 oocytes is higher than that of 25-h oocytes. We did not precisely examine the effect of aging of BDF1 oocytes on the activation rate; younger oocytes might be more sensitive to parthenogenetic activation than aged oocytes.
Taniguchi et al. reported that use of blastomeres from 2-cell stage mouse embryos as the nuclear donors resulted in aged NT oocytes with higher developmental potential than young NT oocytes [9] . In contrast, the present study demonstrated that the potential of aged oocytes receiving cumulus cells to develop into blastocysts was significantly lower than that of young oocytes. One reason for the low developmental potential of aged NT oocytes is the low sensitivity of BDF1 aged oocytes to parthenogenetic activation. For reprogramming of somatic cell nuclei, such as cumulus cells, in the G0/G1 phase (but not embryonic nuclei), the nuclei should be exposed to oocyte cytoplasm with high maturation promoting factor activity; this induces nuclear membrane breakdown [9] . A second reason might be the low activity of maturation promoting factor in aged oocytes [25] . Some NT aged oocytes do not experience nuclear membrane breakdown due to low maturation promoting factor activity, and these oocytes do not develop beyond the 2-cell stage, which leads to lower potential for somatic cell NT aged oocytes to develop into blastocysts. Although speculative, a third reason might be less effective reprogramming of somatic cell nuclei in aged oocyte cytoplasm.
When the nuclei of 2-cell NT embryos were fused a second time with fertilized 2-cell embryo cytoplasm, there was no significant difference in the potential of serial NT embryos to develop into blastocysts between the young and aged oocytes after the first nuclear transfer. The overall potential of serial NT oocytes to develop into blastocysts was high and was consistent with the results of a previous report [17] . There are several possible reasons for this finding. The cytoplasm of fertilized 2-cell embryos might have unknown factors that enhance the developmental ability of reconstituted embryos, at least to the blastocyst stage, because the d e v e l o p m e n t a l p o t e n t i a l o f r e c o n s t i t u t e d parthenogenetic eggs receiving pronuclei from zygotes is lower than that of reconstituted fertilized eggs [26] . These types of unknown factors did not enhance the developmental potential of the serial NT embryos to blastocysts (42%, 19/45) when cumulus cells were transferred into older (22 h) oocytes in the first nuclear transfer (data not shown). Another reason might be that unknown factors in the somatic cell cytoplasm inhibit pre and post-implantation development of mouse zygotes. Van Thuan [27] reported that injection of somatic cell cytop lasm into mo use o ocytes b e fore i n t r a c y t o p l a s m i c s p e r m i nj e c t i o n i m p a i r s development. If these types of factors are present in somatic cells, they might be diluted after serial nuclear transfer.
Full-term development was observed after transfer of serial NT blastocysts developed from young oocyte cytoplasm. The mechanisms that underlie reprogramming of somatic cell nuclei, which occurs in non-activated MII oocytes but not in activated oocytes [9, 10] , are unclear. One possible reason for why serial NT blastocysts developed from aged oocytes have the same implantation rate as serial NT blastocysts from young oocytes, but do not develop to full term, is that nuclear reprogramming of somatic cells may b e i n s u f f i c i e n t i n a g e d o o c y t e s . F u r t h e r comparative studies of development-related gene expression between young and aged NT embryos are required.
The present study demonstrated that aged oocytes are not suitable sources of recipient cytoplasm for mouse somatic cell cloning. Because of the extensive amount of time required between oocyte recovery and parthenogenetic activation, younger oocytes should be used to promote for successful cloning.
